Virtually all of these mutations may lead to inappropriate unknown.
). The increased p21 abundance was due to increased p21 mRNA, and not altered p21 turnover (Figures S1B and S1C). In contrast, there was no increased abundance of the related p27Kip1 cdk inhibitor (not shown). Thus, deregulated cyclin E expression in primary human fibroblasts led to increased p21cip1 abundance and cdk2 inactivation.
Because p21 is a key transcriptional target of p53, we next examined if the increased p21 abundance resulted from increased p53 activity. Figure 2A shows that cyclin E overexpression in primary human foreskin fibroblasts (HFFs) caused increased p53 protein abundance that paralleled p21 abundance. To determine if increased p53 activity was required for the p21 induction, we first transduced cells with a vector encoding the human papilloma virus E6 protein (HPV-E6), which abrogates p53 function by catalyzing p53 degradation [21] . Thus, HPV-E6-expressing cells are effectively p53 null, although E6 may have activities in addition to p53 turnover. We found that expression of HPV-E6 completely inhibited the induction of p21 by cyclin E in WS1 human diploid fibroblasts, HFFs, and WI-38 cells ( Figures 2B and 2C and not shown). Furthermore, HPV-E6 expression reversed the inhibition of total cdk2 and cyclin A-cdk2 activity ( Figure 2D ). These data are consistent with the idea that the induction of p21 was due to increased p53 activity. The suppression of cdk2 activity resulting from cyclin cyclin E was associated with increased p53 serine 15 E expression was also p53 dependent, because, in the phosphorylation that was inhibited by caffeine or wortabsence of p53, this response no longer occurred. mannin, suggesting that it resulted from the ATM/ATR family of kinases. Moreover, when p53 function was Both p21 and p53 Are Required disabled, excess cyclin E-cdk2 activity caused aberrant for the Suppression of Ectopic Cyclin cell cycle regulation and genetic instability. These 3A and 3B) . Thus, in primary paradoxically found that WI-38 cells with prolonged murine fibroblasts, the suppression of ectopic cyclin E cyclin E expression contained substantially reduced activity required p21 and p53 function. In contrast, MEFs cdk2 kinase activity (Figure 1) . Concomitant with the with deletions of either p19ARF or the p27Kip1 cdk inhibinactivation of cdk2, we observed a large increase in itor resembled wild-type cells and were quite resistant to excess cyclin E ( Figure 3C and not shown). the abundance of the endogenous p21cip1 cdk inhibitor Figure 4C ). E, although the assay was sensitive enough to detect 2-fold changes in p14ARF expression at this level of Several members of the PI3 kinase family are physiologically important p53 serine 15 kinases. The ataxiaexpression ( Figure 3A and not shown). We also assayed p14ARF mRNA expression very early after transduction telangiectasia protein, ATM, and the related ATR protein both phosphorylate p53 on serine 15 after DNA damage, with cyclin E retroviruses, in case there was a transient pulse of p14ARF induction, but we failed to detect inas well as in response to other cellular stresses such as replication blocks [29, 30] . DNA-PK also phosphorylates ther drug ( Figure 4C ). Furthermore, when we performed a time course analysis after wortmannin treatment of serine 15 in vitro, but its physiologic importance is less clear [31] . We treated cells with two distinct pharmacoHFFs expressing cyclin E, we found that the abundance of p21 decreased roughly in parallel with serine 15 phoslogic inhibitors of these enzymes, caffeine and wortmannin. We found that the amount of p53 serine 15 phorylation ( Figure 4D ). These data are consistent with the idea that p53 serine 15 phosphorylation, at least in phosphorylation in cyclin E-overexpressing cells was substantially decreased after a short treatment with eipart, drives p21 expression. To further define the rele- vant p53 serine 15 kinase, we transduced primary AT nentially growing HFFs expressing cyclin E, HPV-E6, both, or neither were irradiated or mock irradiated and fibroblasts (which are derived from a patient with ataxia telangiectasia and lack functional ATM protein) with the were harvested 24 hr later ( Figure 5A ). Wild-type cells arrested in G1 and G2 following irradiation. Cyclin E cyclin E retroviral vectors. We found that the induction of p21, p53, and p53 serine 15 phosphorylation occurred expression increased the proportion of S and G2 cells in the cycling cells but had no effect on either the G1 in the AT cells indistinguishably from normal human fibroblasts ( Figures 4E and 4F) . Thus, ATM is not essenor G2 arrest after irradiation. In contrast, HPV-E6 expression almost completely prevented the G1 arrest, and tial for this response.
the irradiated cells arrested instead in G2. Furthermore, when cells were transduced with both E6 and cyclin Deregulated Cyclin E-cdk2 Activity Causes Genetic Instability and Delayed S Phase E vectors, they arrested in G2 following ␥-irradiation, indicating that ectopic cyclin E, even in combination Progression, but Does Not Impair the G1 and G2 Checkpoints with E6, does not override the G2 checkpoint. To further investigate the effects of cyclin E on S Reed and colleagues found that prolonged expression of cyclin E in established cells caused genetic instability phase entry, HFFs expressing cyclin E, E6, or neither were density arrested, then released and either irradithat was manifested primarily by chromosome loss [13]. In order to determine if deregulated cyclin E activity in ated or mock irradiated. As expected, a large proportion of the cells expressing HPV-E6 expression entered S primary cells also caused genetic instability, we analyzed WI-38 cells 2 weeks after transduction with cyclin phase after ␥-irradiation ( Figure 5B ). In contrast, cyclin E expression in HFF did not lead to abnormal G1 check-E retroviruses. In these experiments, cells were first transduced with the HPV-E6 virus to insure that the point control, and there was no entry into S phase. Similarly, we found that, when cells were continuously lacyclin E was fully active. We found that the elevated cyclin E-cdk2 kinase activity associated with the expresbeled with BrDU after irradiation, nearly 50% of the E6-expressing cells synthesized DNA, compared with only sion of cyclin E (T380A) rapidly caused massive chromosomal abnormalities in a substantial fraction of the cells 5% of the cells expressing cyclin E (Figures 5C and S2) . Thus, deregulated cyclin E activity does not grossly alter analyzed (Table 1) . In contrast, when parallel experiments were performed in control WI-38 cells that did the G1 and G2 checkpoints that sense DNA damage after ␥-irradiation in HFFs, and this is unlikely to be the not express E6, sufficient metaphases could not be obtained for cytogenetic analysis due to the severe inhibimechanism through which cyclin E promotes genetic instability. Although there was a slight increase in BrDU tion of WI-38 proliferation caused by prolonged cyclin E and cyclin E (T380A) expression. incorporation in irradiated cyclin E expressors versus controls, this finding may simply reflect the slightly We next examined the integrity of the G1 and G2 checkpoints in primary cells expressing cyclin E. Expohigher proportion of cells in S phase in cells expressing cyclin E compared with controls after the density arrest these experiments in HPV E6-expressing cells to segregate the consequences of excess cyclin E-cdk2 activity and is of unclear significance (data not shown and Figure  5B ). We also examined cyclin E overexpressors for DNA from cell cycle affects resulting from the p53-dependent response to excess cyclin E. When these cultures were breaks and did not observe any increased TUNEL positivity in cells expressing cyclin E compared with controls synchronized in early S phase with aphidicolin and then released, we found that cyclin E did not affect the timing (data not shown).
Finally, we found that deregulated cyclin E activity of S phase entry after release (Figure 6 ). Instead, we found that the rate at which cyclin E-expressing cells caused defective S phase progression. We preformed progressed through S phase to G2 was decreased comcyclin E-dependent p21 expression is an induced response. In MEFs, however, although both p21 and p53 pared with control cells. Whereas almost half of the are required to suppress excess cyclin E, the amount cyclin E-expressing cells remained in S phase 12 hr of endogenous p21 synthesis is sufficient to inhibit the after aphidicolin release, almost all of the control cells activity of the ectopic cyclin E without additional p21 progressed to G2 by this time. Thus, deregulated cyclin induction. This likely reflects the high rate of p53-depen-E-cdk2 activity, and not the p53-dependent response dent p21 synthesis that occurs in MEFs shortly after to cyclin E, impaired S phase progression in primary being placed in culture, which limits their continued prohuman fibroblasts. liferation in vitro [33]. We have observed increased p53 serine 15 phosphorDiscussion ylation in cells with excess cyclin E that is sensitive to both wortmannin and caffeine. We directly tested the Although cyclin E normally activates cdk2, we found role of the ATM protein and found that ATM null fibrothat prolonged and deregulated cyclin E expression in blasts accumulated serine 15 phosphorylated p53 and primary fibroblasts paradoxically inhibited cdk2. This induced p21 in response to cyclin E. However, although was because deregulated cyclin E expression initiated it is not essential, it is important to realize that ATM may a homeostatic cellular response that "buffered" 
